The recent deviations of the experimental data on some parameters of the tree-level semileptonic B and Bc mesons decays from the standard model (SM) predictions indicate considerable violations of the lepton flavor universality, and as a result possible new physics (NP) effects. To better understand the possible NP effects it is necessary to study deeply the physical quantities defining these decays from many aspects. The calculations of the physical quantities require the determinations of the hadronic form factors entering the matrix elements of the considered transitions as the main inputs. We calculate the form factors governing the tree-level Bc → J/ψlν and Bc → ηclν transitions within the QCD sum rules method. The obtained form factors are used in the calculations of the branching ratios (BRs) of the Bc → J/ψlν and Bc → ηclν transitions as well as R(J/ψ) and R(ηc). Our result on R(J/ψ) supports the present tension between the SM theory prediction and the experimental data. Our result on R(ηc) can be checked in future experiments.
The experimental searches on R(D) and R(D * ) have leaded to the results with global average as [9] R(D) = BR(B → Dτ ν τ ) BR(B → Dlν l ) = 0.407 ± 0.039 ± 0.024,
and R(D * ) = BR(B → D * τ ν τ ) BR(B → D * lν l ) = 0.306 ± 0.013 ± 0.007,
while the existing predictions of the same ratios in SM are [9] R(D) = BR(B → Dτ ν τ ) BR(B → Dlν l ) = 0.299 ± 0.003,
and
indicating deviations from the experimental observations at 3.8σ level.
Coming back to B c → J/ψlν and B c → η c lν channels, the LHCb has measured R(J/ψ) as [10] R(J/ψ) = BR(B c → J/ψτ ν τ ) BR(B c → J/ψµν µ ) = 0.71 ± 0.17 ± 0.18,
having up to ∼ 2σ deviations from the values predicted by the SM [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . As it is seen, in the case of the tree-level b → c transitions, the theory-experiment tension seems to be more serious in B meson decay channels compared to those of the B c meson. As is also seen, the experimental result on R(J/ψ) contains large errors compared to the ones in R(D) and R(D * ). Existing theoretical predictions on R(J/ψ) include larger uncertainties compared to R(D) and R(D * ), as well. The prediction of Ref. [11] as one of the recent and complete estimations on R(J/ψ), i.e., 0.20 R(J/ψ) 0.39,
indicates a wide band to the value of this parameter. The model-independent bound in this study was constructed by constraining the form factors through a combination of dispersive relations, heavy-quark relations at zero-recoil, and the limited existing determinations from lattice QCD. Thus, more precise theoretical predictions on R(J/ψ) and the related form factors are needed. Though measuring the similar ratio R(η c ) is more difficult compared to J/ψ case, this ratio and the related decay channels may be studied in near future, and therefore, providing detailed theoretical investigations will be helpful to gain deeper understanding about it and may shed light on the corresponding experiments. The matrix elements of the semileptonic decays of the B c meson to J/ψlν and η c lν final states can be factorized to the leptonic and hadronic parts and, for the theoretical analysis, it is essential to know the corresponding hadronic transition form factors. Therefore, we focus on the matrix elements representing these hadronic transitions and calculate the corresponding form factors. In literature, one can find various calculations on some of these form factors which were obtained via different methods. Some of these methods are the light cone QCD sum rules [14, 25] , QCD sum rules [18, 26, 27] , Bethe-Salpeter equation [28] , perturbative QCD factorization approach [16, 17] , nonrelativistic QCD approach [29] , covariant light-front quark model [19] , covariant confined quark model [20, 30] , relativistic quark model [31] and nonrelativistic constituent quark model [32] . To achieve the form factors of the related transitions in full theory, we employ the three point QCD sum rule [33] [34] [35] , which is a powerful nonperturbative method applied in many calculations, successfully. The obtained form factors are used in the calculations of the decay widths and branching ratios of the considered decays as well as R(J/ψ) and R(η c ). Our prediction on R(J/ψ) is compared with the present experimental data as well as the existing theoretical predictions. We also compare our results on the branching fractions of the B c → J/ψlν transitions with the existing theoretical estimations. Detailed information on the form factors and the ratio of BRs corresponding to the transition of B c to η c lν may also provide valuable insights for the future observations related to this channel and contribute to the investigations of NP effects. We compare our predictions on the branching fractions of the B c → η c lν transitions as well as R(η c ) with the existing theoretical predictions. Note that, beside the calculations of R(J/ψ) and R(η c ), which contain small errors due to some cancellations, we calculate the individual branching ratios at each channel, as well. With the resent progresses in the experimental side we hope that we will be able to measure these branching fractions in near future. Comparison of the future data on the individual BRs with the results of the present study can help us constrain the SM parameters entering the calculations and get useful information about the form factors representing the decays under consideration.
The outline of the paper is as follows: In Section II, we provide the details of the calculations for the form factors of B c → J/ψlν and B c → η c lν transitions in full theory. Section III is devoted to numerical analysis of these form factors and the calculations of the BRs of the considered decay channels. In this section, we also provide ratios, R(J/ψ) and R(η c ). The last section presents comparison of the results with existing theoretical and experimental information as well as our concluding remarks.
II. FORM FACTORS OF Bc → J/ψlν AND Bc → ηclν TRANSITIONS In this section the form factors corresponding to the tree-level B c → J/ψlν and B c → η c lν transitions are calculated via three point QCD sum rules. For the considered transitions, the three point correlation function is as follows
where
is the transition current and the interpolating currents of the participating mesons are given as
For the calculation of the correlation function two ways, whose results are matched at the end, are followed. Firstly, it is calculated in terms of the hadronic degrees of freedom such as the masses, decay constants and form factors. In this part of the calculations, complete sets of hadronic states carrying the same quantum numbers as the considered hadrons are inserted into the correlation function. This is followed by the integration and isolation of the ground state contributions, which turns the correlation function into
where the contributions of higher states and continuum are represented by . . .. The matrix elements present in the above equations are parametrized in terms of masses, residues and the form factors as
Note that, for the transition including η c in the final state the axial vector part of the transition current does not contribute to the result due to the parity considerations. In the above expressions,
and f V (q 2 ) are the transition form factors; and
The use of the above matrix elements in Eqs. (9) and (10) gives the final results of this side as
The form factors,
and f ± (q 2 ) will be extracted from the coefficients of the structures P ν , q ν , ǫ αβµν p α p ′β , g µν and
, respectively. The second way to calculate the correlation function is done via application of the operator product expansion (OPE) in deep Euclidean region. In this side, the calculations are performed in terms of QCD degrees of freedom considering the interactions of the quarks and gluons in QCD vacuum. In this side, the explicit forms of the interpolating currents given in Eq. (8) are placed into the correlator. This is followed by the contraction of the quark fields using the Wick theorem. This application turns the correlators into
for the decay including J/ψ and
for the decay including η c in the final state. The S ij Q in these results represents the heavy c or b quark propagator. Its explicit expression is given as [36] 
Although the nonperturbative parts containing gluon condensates provide very small contributions, we include these nonperturbative effects beside the perturbative ones. The calculation of the perturbative part of the correlator is done using the Cutkosky rules [37] in which the propagators having the forms
, implying that all quarks are real. After placing the propagators and performing the present integrals, the QCD sides emerge in terms of different Lorentz structures as
The imaginary parts of the results obtained for perturbative parts, that is
] where i = V, 0, +, − for transition of B c to J/ψ and i = 1, 2 for transition of B c to η c , give the spectral densities that are used in the following dispersion relation
The results obtained for the spectral densities for the perturbative parts from the coefficients of the above structures are as follows:
where the functions in spectral densities are defined as
The three δ functions in the calculations determine the integration regions for the perturbative calculations. With the condition that the argument of the δ functions vanish simultaneously the following non-equality is obtained:
which describes the physical region in the s and s ′ plane. As for the calculations of the nonperturbative contributions, we apply the Schwinger representation of the Euclidean propagator together with Gaussian integrals to calculate the integrals present in these parts. The results for these contributions are very lengthy and therefore we do not give their explicit forms here.
After getting the results for phenomenological and QCD sides, the coefficients of the same Lorentz structures, selected from both sides, are matched to attain the sum rules of the form factors which are as follows
for the B c → J/ψlν decay, and
for the B c → η c lν decay. The sub-index i in the form factors of B c → J/ψlν decay is i = 0, +, −, V as we previously mentioned. In this channel, ∆ = 1 mB c +m /ψ for i = 0 and ∆ = m Bc + m /ψ for i = +, −, V . Here, ξ = +1 for i = 0 and ξ = −1 for i = +, −, V . The QCD sum rule equations contain also the contributions from higher states and continuum. To subtract these unwanted contributions we apply quark hadron duality assumption and for their further suppression double Borel transformation is used with respect to the variables p 2 and p ′2 . The results given in Eqs. (22) and (23) are those obtained after the quark hadron duality assumption and double Borel transformation.
III. NUMERICAL ANALYSES
The results obtained from the QCD sum rules calculations in the previous section are numerically analyzed in this section with the usage of the input parameters given as m b = 4.18 , f Bc = 400 ± 45 MeV [39] , f J/ψ = 411 ± 7 MeV [40] , and f ηc = 300 ± 50 MeV [41] .
These are not the only parameters needed in the calculations. There are four auxiliary parameters which are Borel parameters, M 2 , M ′2 , and the threshold parameters, s 0 and s ′ 0 . Demanding weak dependency of the results on these parameters, their working intervals are fixed. The exact upper and lower bounds of them are set considering the criteria of the QCD sum rules. These criteria include the pole dominance as well as convergence of the QPE, that is, the perturbative contribution prevails over the nonperturbative ones and the higher the dimension of nonperturbative operator the lower is its contribution. By imposing the condition of OPE convergence, we achieve the lower limit of the Borel parameters. To attain the upper limit for the Borel parameters the criterion is the pole dominance. Considering that the pole contribution consists at least 50% of the total result, we adjust the upper limits of the Borel parameters. Hence, we get
The threshold parameters have relations with the energies of the first excited states in the initial and final channels, and therefore are chosen as
To attain the decay widths of the considered decays it is necessary to have the form factors describing these decays as functions of the q 2 in the whole physical region, that is, m
However, in our analyses we encounter that the form factors truncate at some q 2 values. Therefore, to extend them to the whole physical region it is required to use suitable fit functions having same behaviors with our QCD sum rule results in the regions that our results are valid. The fit functions used in these calculations have the following form:
whereq in the above fit function is expressed asq = lower bounds for the values of the fit parameters obtained in the analyses. The fit functions and results of the QCD sum rule calculations are depicted as functions of q 2 in Figs. 1 and 2 , to show the consistency of them in the working regions of the QCD sum rule analyses. It can be seen from these figures that the chosen fit functions have good overlap with the results of the QCD sum rule calculations in viable regions and therefore can be used to enlarge the results to the whole physical region. In these figures, the lines drawn with red triangles show the results obtained from the QCD sum rule calculations for the form factors. The solid black lines indicate the fit functions obtained for the form factors using the central values of the auxiliary parameters. And, the uncertainties present in the predictions because of variations of the input parameters are pointed out by the yellow bands. The obtained fit functions are used in the next step to calculate the corresponding decay widths. For the decay width of the B c → Jψlν we use the decay width formula given in Ref. [42] , and as for that of the B c → η c lν we adopt the formula given in Ref. [20] . Table II presents the results of the BRs that we obtain in this work together with the results obtained in some other studies. In our results, we present the errors of our calculations in which we consider the effects of variations inherited 
0.248 ( by the variations of the form factors. In this table we also present the ratios of the BRs , i.e., R(J/ψ) and R(η c ) and compare the results with other theoretical predictions.
IV. DISCUSSION AND CONCLUSIONS
The present work includes analyses on the semileptonic decays B c → J/ψlν and B c → η c lν. Motivated by the recent observation of the LHCb [10] on R(J/ψ), indicating serious deviations of the experimental data from the existing SM predictions and the possibility of new physics effects, we first calculated the form factors entering the amplitude for the hadronic matrix elements of the B c → J/ψlν transition. We applied the three-point QCD sum rule approach to find the fit functions of the form factors defining the tree-level transition of B c → J/ψlν in terms of q 2 in whole physical region. We used these functions to estimate the BRs of the B c → J/ψlν in τ and µ channels. The −0.14 , agree with most of the present theoretical findings, as is seen from Table II, within the error intervals of the predictions. Although our result of BR for B c → J/ψµν is slightly larger than those of Refs. [16, 17, 27] , it is consistent with the results obtained in Refs. [14, [18] [19] [20] [21] [22] 43] within the uncertainties. When the B c → J/ψτ ν is considered, our result shows small differences with the predictions of Refs. [16, 17, 21] , while it is consistent with the results of the Refs. [14, [18] [19] [20] 22] within the errors. We obtained the corresponding R(J/ψ) as R(J/ψ) = BR(Bc→J/ψτ ν) BR(Bc→J/ψµν) = 0.25 +0.01 −0.01 , which shows small differences with the predictions of the Refs. [16, 21] . R(J/ψ) values obtained in Refs. [16, 21] are slightly larger than our prediction. On the other hand, our result is in agreement with those of Refs. [14, 15, [17] [18] [19] [20] [22] [23] [24] within the errors. Our prediction for R(J/ψ) differs considerably with the LHCb result, R(J/ψ) = 0.71(17)(18) [10] , indicating serious LFUV.
We also considered the possibility of the future similar measurements for the B c → η c lν channel and calculated corresponding form factors. The results obtained for the form factors are used to obtain the related BRs and R(η c ). Table II , the result obtained for B c → η c µν is consistent with those of Refs. [14, [16] [17] [18] [19] 43] within the errors, however, it is considerably different than the results of Refs. [20] [21] [22] 27] . As for B c → η c τ ν, a considerable difference is present between our result and that of Ref. [21] , while the Refs. [14, [16] [17] [18] [19] [20] 22] have predictions, which are in consistency within the errors with our result. Our result on R(η c ) is slightly different than those of Refs. [16, [18] [19] [20] [21] [22] [23] while it is consistent with the predictions of Refs. [14, 15, 17, 44] , when their errors are considered. Note that for those predictions that do not contain the uncertainties of the results, the central values have been considered in making the above conclusions.
Our results on R(J/ψ) and R(η c ) contain 4% and (8 − 14)% errors, respectively. Considering for instance the errors of the form factors at q 2 = 0 in Table I , which are in the order of (16 − 33)% and (20 − 36)% respectively for B c → J/ψlν and B c → η c lν channels, we see considerable cancellations of the theoretical uncertainties in the ratios. Similar cancellations at both channels are occurred in the results of Refs. [14, 15, 17, 20, 23, 24, 44] , where the errors of the results were presented. We shall note that only the prediction of Ref. [11] on R(J/ψ), 0.20 R(J/ψ) 0.39, represents a wide band, which was obtained by constraining the form factors through a combination of dispersive relations, heavy-quark relations at zero-recoil, and the limited existing determinations from lattice QCD with different sources of uncertainties. Our prediction on R(J/ψ) is more precise compared to that of R(η c ). This can be attributed to the fact that the values of the form factors presented in Table I are more uncertain in B c → η c lν channel compared to the B c → J/ψlν mode. The main reason behind this is that our knowledge on the parameters of η c is poor compared to those of J/ψ channel. For instance the uncertainty in the value of the decay constant for η c , f ηc = 300 ± 50 MeV, which enters as one of the main inputs to the expressions of the sum rules in Eq. (23), is very high compared to that of f J/ψ = 411 ± 7 MeV. This is the case regarding the experimental values of the masses for these two quarkonia as other inputs of form factors. The experimental value for the mass of η c presented in the beginning of the previous section suffers from large uncertainty compared to the experimental value for the mass of J/ψ meson. As we also previously mentioned, predictions on R(D) and R(D * ) are more precise compared to those of R(J/ψ). This is because of the fact that our theoretical and experimental knowledge on the parameters of B, D and D * mesons, which are entered as inputs to the expressions of the form factors, are overall more precise compared to the parameters of the B c and J/ψ mesons.
As it can be seen, our result on R(J/ψ) supports the present tension between SM theory predictions and experiment which indicates that it is necessary to have more precise experimental data to account for this discrepancy. On the other hand, similar future experimental measurements on R(η c ) may provide valuable information on the possible lepton universality violation in B c → η c lν channel. The results of our study and the other theoretical predictions can be useful in this respect.
